1. Introduction {#sec1-polymers-11-01451}
===============

Previous studies reported that far-infrared radiation (FIR) is an invisible form of electromagnetic solar energy which has significant biological effects, such as improving blood flow, influencing cell fractions in the blood and cytokine production, and activating the self-defense functions of the body. Furthermore, FIR radiation can penetrate biological tissue and have a strong rotational and vibrational energy effect at the molecular level; therefore, it was applied to explore its cellular mechanism in promoting neurite outgrowth and possible neural regeneration \[[@B1-polymers-11-01451],[@B2-polymers-11-01451]\]. Furthermore, FIR has the ability to activate water molecules, which is responsible for the diverse biological effects \[[@B3-polymers-11-01451],[@B4-polymers-11-01451]\]. In addition, researchers also found that the underlying biophysical mechanisms of the interaction of electromagnetic radiation with living cells can be framed in terms of altered cell membrane potentials and altered mitochondrial metabolism \[[@B5-polymers-11-01451]\]. Since the absorption of FIR can cause resonance within biological cells, far-infrared radiation can transfer energy to organisms, resulting in a wide variety of biological effects. Moreover, it was reported that boron--silicate mineral, tourmaline, and bamboo charcoal, which can emit far-infrared rays, were incorporated into fibers to make FIR composites \[[@B6-polymers-11-01451],[@B7-polymers-11-01451],[@B8-polymers-11-01451],[@B9-polymers-11-01451]\]. Furthermore, ceramic powders were studied on account of their far-infrared emissivity properties \[[@B10-polymers-11-01451],[@B11-polymers-11-01451],[@B12-polymers-11-01451]\]. Given the FIR emissivity properties of ceramic powders, they could become promising packaging fillers for improving the functionality of packaging materials.

Due to their excellent mechanical and thermal properties, as well as good electrochemical performance, polymers play an important role in the preparation of composites \[[@B13-polymers-11-01451],[@B14-polymers-11-01451]\]. In particular, plastic materials, such as nylon, polythene, and polypropylene, are widely used in a variety of applications as a result of their excellent properties including low density, high specific strength, low cost, and ease of processing. In order to further improve these properties, different functional fillers could be added into the polymer. Composite technology is applied widely; for example, a novel artificial material was fabricated by combining ceramic and polymer materials in an ordered manner or by simple mixing. However, in previous research, large numbers of ceramic--polymer composites were introduced for telecommunication and microelectronic applications \[[@B15-polymers-11-01451]\]. In addition, polymer-based FIR composites were proposed for other applications, such as textile fabrics, optical applications, coatings, and nano-membranes. Because they can emit the energy absorbed from the environment as far-infrared rays, the novel composites attracted the attention of researchers \[[@B16-polymers-11-01451],[@B17-polymers-11-01451],[@B18-polymers-11-01451]\].

Therefore, the combination of far-infrared radiation ceramic powders and polymer materials is a promising way to improve the properties of composite materials. In this work, four different proportions of ceramic powders were added into low-density polyethylene. Eight different types of composite films were fabricated by using a film-blowing machine and a hot-pressing machine. Subsequently, the characteristics of the composite films were investigated.

2. Materials and Methods {#sec2-polymers-11-01451}
========================

2.1. The Characterization of Ceramic Powders {#sec2dot1-polymers-11-01451}
--------------------------------------------

The FIR ceramic powders were provided by Zhuhai Deshen Environment-Friendly Packaging Co., Ltd., China. The polymer pellets of low-density polyethylene were purchased at Sinopec. A scanning electron microscope (SEM) and laser particle size analyzer were employed to observe the surface features, shape, and size of the sampled particles of the FIR ceramic powders. The FIR ceramic powders were coated with gold 30 min prior to observation by SEM, then observed at magnifications of 500× and 5000×. The measuring conditions of the laser particle size analyzer were as follows: laser wavelength = 365 nm, scattering angle = 90°, and measuring time = 180 s; water was used as the medium at room temperature. X-ray fluorescence spectrometry (XRF, Bruker AXS, Karlsruhe, Germany) and an X-ray diffractometer (XRD-7000, Shimadzu, Kyoto, Japan) were used to determine the inorganic compositions of the FIR ceramic powders as reported in a previous article. XRF was used under a spectrum system (element range: ^4^Be--^92^U, resolution: 129 eV, electrically cooled). XRD scans were obtained using Cu-Kα radiation over a scanning range from 5° to 40°.

2.2. The Processing of Composite Films {#sec2dot2-polymers-11-01451}
--------------------------------------

Virgin polymer pellets of low-density polyethylene (LDPE) blended with FIR ceramic powders in four ratios (*w*/*w*; 0.0%, 0.5%, 1.0%, 1.5%) were fed into an internal mixer for 300 s at 150 °C; then, the pelleting process was performed using a single-screw extruder under controlled rotational speed. Eventually, the blended polyester pellets were processed into composite films using the film-blowing machine and hot-pressing machine. As demonstrated in [Figure 1](#polymers-11-01451-f001){ref-type="fig"}, the polyester pellets with four different concentrations of FIR ceramic powders were manufactured into eight types of films using two different processing methods. The first four films (1--4) contained 0.0%, 0.5%, 1.0%, and 1.5% FIR ceramic powder, formed by hot-pressing at 150 °C, while the remaining films (5--8) were generated by film-blowing, and contained 0.0%, 0.5%, 1.0%, and 1.5% FIR ceramic powders. When testing the mechanical properties, the direction of composite film forming was set as the *y*-axis, and the *x*-axis was the corresponding orthogonal direction. The FIR ceramic powders were evenly dispersed in the films. The control groups without FIR ceramic powders (films 1 and 5) were prepared for comparison. After cooling at room temperature, the composite films were cut to the same size (25 cm × 25 cm).

2.3. Characterization of Composite Films {#sec2dot3-polymers-11-01451}
----------------------------------------

Thermal analysis was performed using differential scanning calorimetry (DSC, NETZSCH, Selb, Germany) and thermogravimetric analysis (TG 209, NETZSCH, Selb, Germany). The investigated temperature range of DSC was between 25 °C and 200 °C. In order to eliminate the influence of thermal treatment, the samples were heated at a rate of 40 °C/min from 25 °C to 200 °C, held at 200 °C for 5 min, cooled at a rate of 10 °C/min to 25 °C, held for 5 min, then heated again at a rate of 10 °C/min from 25 °C to 200 °C. Each sample was weighed and sealed in an aluminum vessel. Thermogravimetric analysis was carried out by a TG analyzer, where 8--10 mg of sample was placed in a platinum crucible and heated from 25 °C to 600 °C at a rate of 15 °C/min under nitrogen flow (30 mL/min). The mechanical properties in the longitudinal and transverse directions were characterized with a tension tester (Model 3365, Instron, Norwood, USA) by using rectangle-shaped specimens of 150 mm length and 25 mm width. The specimens were tested with a grip distance of 30 mm and a crosshead speed of 30 mm/min under ambient conditions (at 25 °C and at a humidity of 75%) using a standard method. Five specimens were analyzed for each sample, and then their values were averaged; all films were tested under the same conditions. An infrared radiometer (EMS302M, Hede, Taibei, Taiwan) was applied to analyze the FIR emissivity of the composite films. The far-infrared emissivity of the composite films was determined in the wavelength range of 5--14 μm at 25 °C using an infrared radiometer. The emissivity was measured as a relative value based on the assumption that the emissivity of a black body is 1. A black body with *ε* = 1 can convert almost all heat energy to electromagnetic energy. The contact angle measurements were carried out using a drop shape analyzer (model SL200B, Kino Industry Co., Ltd., Boston, USA), using water as a liquid of known surface tension in air. The light transmittance was calculated using a spectrophotometer (Shimadzu, A112952, Kyoto, Japan). The moisture permeability of composite films at 23 °C was determined gravimetrically according to ASTM E96M. The high-resolution morphology images of the cross-section were measured by a field-emission scanning electron microscope. The films were cryo-fractured in liquid nitrogen to obtain brittle fracture specimens. The samples of the cross-section were attached to double-sided adhesive tape and mounted on the specimen holder, before being sputtered and coated with gold under vacuum before observing.

2.4. Statistical Analysis {#sec2dot4-polymers-11-01451}
-------------------------

The samples were studied using a randomized design. The experimental data are presented as means ± standard deviation (SD) for three replicate samples. Significant differences between films were determined using Duncan's multiple range test (*p* \< 0.05). Statistical analysis was performed using SPSS 13.0 (SPSS, USA) and Origin 9.0.

3. Results and Discussion {#sec3-polymers-11-01451}
=========================

3.1. Mineralogical Analysis of Ceramic Powders {#sec3dot1-polymers-11-01451}
----------------------------------------------

[Figure 2](#polymers-11-01451-f002){ref-type="fig"} shows the SEM images of the FIR ceramic powders at different magnifications. Detailed analysis based on the SEM images with the laser particle size analyzer indicated that the average size, dispersity, and specific surface area were 2602 nm, 0.97961, and 0.76m^2^/g, respectively. It is well documented that the particle size has a significant influence on the spectral intensities of the infrared range \[[@B19-polymers-11-01451],[@B20-polymers-11-01451]\]. In correlation with the density, the presence of porosity was unnoticeable in the FIR ceramic powders. Several studies revealed that the infrared optical reflectivity measurements and numerical analysis can be used to obtain reliable information on whether the ceramic has a cubic or tetragonal unit cell. Since the emittance is dependent on its crystal structure and mineralogical composition \[[@B21-polymers-11-01451],[@B22-polymers-11-01451]\], we investigated the crystal structure and the chemical composition of the powders. The mineralogical analysis of the FIR ceramic powders by XRF presented in our previous article showed that the FIR ceramic powders consisted of five major elements (O, Na, Al, K, and Si) and seven minor elements (Ca, S, Cl, P, Ti, Fe, and Ba) \[[@B23-polymers-11-01451]\]; these elements had high far-infrared radioactivity \[[@B24-polymers-11-01451]\]. As can be seen in [Figure 2](#polymers-11-01451-f002){ref-type="fig"}a,b, the FIR ceramic powders could disperse uniformly without obvious agglomeration. Therefore, they were easily added into the polymer matrix to prepare the polymer-based composite film with uniform morphology. Since the uniform morphology of he composite film is a prerequisite for far-infrared emission performance, the FIR ceramic powders were shown to emit a well-proportioned distribution of far-infrared rays, which guaranteed the accuracy of emissivity of the films \[[@B25-polymers-11-01451],[@B26-polymers-11-01451]\]. It can be concluded that the FIR ceramic powders used in the composite film had excellent far-infrared emissive performance.

3.2. Mechanical Properties of Composite Films {#sec3dot2-polymers-11-01451}
---------------------------------------------

[Table 1](#polymers-11-01451-t001){ref-type="table"} shows an overview of the mechanical properties of the composite films in the *x-* and *y*-directions, including Young's modulus, length at break, tensile stress, strength at break, and energy at break. Young's modulus is a basic mechanical parameter that characterizes the elastic deformation property of a film. A composite with a large Young's modulus is less prone to deformation, which means it has better elasticity \[[@B27-polymers-11-01451]\]. The significant difference (*p* \< 0.05) between the two directions and two processing methods can be noted based on these five parameters in [Table 1](#polymers-11-01451-t001){ref-type="table"}.

According to Duncan's variance analysis, the mechanical properties of the films had a significant difference between both directions. The Young's modulus, strength at break, and energy at break along the *y*-axis were totally different from that along the *x*-axis. For example, the corresponding data of sample 1 in the *x*-axis and *y*-axis were 32.74 MPa, 56.20 N/tex, and 11.31 J, and 30.71 MPa, 9.85 N/tex, and 47.71 J, respectively. Similarly, other parameters were also different between these two directions. It can be seen in [Table 1](#polymers-11-01451-t001){ref-type="table"} that the differences in tensile stress and elongation at break were relatively small between both directions, while differences occurred among different composite materials. The results indicate that the mechanical properties in the *x*-axis were better than those in the *y*-axis. Meanwhile, comparing with the control samples, the tensile stress and elongation of films decreased with the increase in FIR ceramic powders in the composite films. As a result, this phenomenon may be due to the stress concentration between the FIR ceramic powders and the polymer matrix, which can cause a sharp drop in the mechanical performance of the composite film \[[@B28-polymers-11-01451]\]. As shown in [Figure 3](#polymers-11-01451-f003){ref-type="fig"}, film 6 contained 0.5% FIR ceramic powder, while film 8 contained 1.5% ceramic powder; as the amount of FIR ceramic powder increased, the mechanical properties decreased correspondingly.

Comparing the eight types of films, the elastic deformation of the films prepared by hot-pressing was nearly 20 times larger than that of the films prepared by film-blowing along the *x*-axis, but the values were similar between films along the *y*-axis. These results indicate that the processing method of the composite films had great influence on the mechanical properties. The most striking phenomenon was that most of the mechanical parameters of the films made by blowing were nearly equivalent to those of the control films (*p* ≥ 0.05). These results indicate that the mechanical properties of the composites prepared by blowing were not significantly influenced (*p* ≥ 0.05) by the addition of the ceramic powders. However, for the composite films prepared by hot-pressing, the mechanical properties changed greatly due to the different amounts of FIR ceramic powder. Furthermore, the films prepared by hot-pressing had good mechanical ability in both directions.

3.3. TG and DSC Properties of Composite Films {#sec3dot3-polymers-11-01451}
---------------------------------------------

In order to study the thermal properties of different composite films, TG and DSC were utilized. [Table 2](#polymers-11-01451-t002){ref-type="table"} shows the temperature scanning graph of DSC. Integral calculations indicated that the crystallinity and glass temperature of the films with the addition of FIR ceramic powders were lower than those of the films without FIR ceramic powders. As the FIR ceramic powder content increased, these values decreased gradually. This proves that the addition of FIR ceramic powders hindered the regular arrangement of polymer chain segments and led to imperfect crystallization, thereby reducing melting point and crystallinity \[[@B29-polymers-11-01451]\].

It can be seen in [Table 2](#polymers-11-01451-t002){ref-type="table"} that, with the addition of FIR ceramic powders, the onset temperature, inflection temperature, and end temperature of the films with FIR ceramic powders were slightly lower than the films without FIR ceramic powders. At the same time, the mass reduction of all eight films ended at nearly 490 °C, as measured by the TG test. The residual masses of the films were 0.9%, 0.91%, 1.11%, 1.37%, 0.37%, 0.79%, 1.24%, and 1.34% in samples 1--8, respectively. This reveals that the residual mass increased with the increase in FIR ceramic powder. The method of preparation and the content of FIR ceramic powder had little effect on the onset temperature, inflection temperature, and end temperature. This may have been due to different preparation methods leading to different morphologies; these results are also consistent with the SEM.

3.4. Contact Angle Properties of Composite Films {#sec3dot4-polymers-11-01451}
------------------------------------------------

The water contact angle is the spreading angle of a water droplet on the surface of an object. It is a concrete measure of the wettability, and the value directly reflects the strength of the surface wettability to water. It is also the result of a mechanical equilibrium between the interfacial tensions for different phase pairings, as formalized in Young's equation \[[@B30-polymers-11-01451]\], shown below. where γ~SV~, γ~SL~, and γ~LV~ are the interfacial tensions of solid--vapor, solid--liquid, and liquid--vapor, respectively. Contact angle is not necessarily related to the hydrophilicity of the membrane material. If the value of the water contact angle is small, it shows that the surface of the film is hydrophilic; wettability is not an intrinsic property of the material, but a surface property of the object \[[@B31-polymers-11-01451]\].

The analysis of contact angle was employed to investigate the surface characteristics of composite films. As can be seen in [Figure 4](#polymers-11-01451-f004){ref-type="fig"}, for the composite films formed by hot-pressing, the contact angles were 99.89°, 101.22°, 103.91°, and 106.42° in samples 1--4, respectively. The contact angles in samples 5--8 were 95.91°, 97.10°, 98.28°, and 100.06°, respectively. These results reveal that, with the increase in FIR ceramic powder content, the contact angle of the films gradually increased. They also reveal that the roughness developed by ceramic and LDPE blending can effectively increase the hydrophobicity of composites. Meanwhile, the processing methods also affected the hydrophilicity of the composites. The contact angles of control samples (1 and 5) were 99.21° and 95.91°, respectively. In total, the changes in contact angle of the films were due to the addition of the FIR ceramic powers and different processing methods.

3.5. Far-Infrared Emissivity, Light Transmittance, Moisture Permeability Properties, and Photomicrographs {#sec3dot5-polymers-11-01451}
---------------------------------------------------------------------------------------------------------

The values of the light transmittance, moisture permeability, and far-infrared emissivity (*ε*) of the films are listed in [Table 3](#polymers-11-01451-t003){ref-type="table"}. The light transmittance and moisture permeability properties are the basic properties of films. It can be seen that the different preparation methods had great influence on the properties of the composite films. The light transmittance of the composite films formed by blowing were five times that of the composite films formed by hot-pressing, while the moisture permeability values were only one-eighth. At the same time, it can also be seen that the addition of FIR ceramic powders increased the moisture permeability of the composite films. In order to study the dispersion behavior of FIR ceramic powders in different films, SEM was utilized. A well-proportioned dispersion can be seen in the different films.

By adding FIR ceramic powders, the emissivity of the polymers increased from 0.5 (control group) to 0.8, which is beyond the emissivity limitation of commercial products currently available \[[@B32-polymers-11-01451]\]. [Table 3](#polymers-11-01451-t003){ref-type="table"} shows that the far-infrared emissivity reached about 0.92 when the FIR ceramic powder mass ratio was 1.5%. Therefore, the addition of FIR ceramic powders improved the far-infrared emissivity of the composite films. The FIR composite films have the ability to efficiently convert energy from sunlight or other sources in the environment to far-infrared radiation. The generated radiation can then be re-emitted to the surroundings, which is similar to other far-infrared emitting materials.

4. Conclusions {#sec4-polymers-11-01451}
==============

The aim of the current study was to characterize FIR ceramic powders and evaluate the performance of the designed composite films. In this work, different proportions of far-infrared radiation ceramic powders were added into low-density polyethylene, and different composite films were fabricated using a film-blowing machine and hot-pressing machine. This study focused on the effect of ceramic powders on the thermal performance, mechanical properties, and barrier properties. Lastly, the far-infrared emissivity of the composites was analyzed to evaluate their suitability for application. It was confirmed that they had the capability to emit far-infrared radiation. The most significant finding was that some mechanical properties of the composite films were significantly influenced (*p* \< 0.05) by the addition of the FIR ceramic powders, which was also attributed to the film processing methods. The addition of FIR ceramic powders decreased the light transmittance, but increased the moisture permeability performance of the composite films.

This study strengthens the idea that far-infrared radiation composite films are novel and promising materials. The stimulation of water molecules or metabolism activation could be responsible for the observed positive effect. Further research needs to be undertaken to explore potential applications and the working mechanism of these films.
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![Flow chat of method for making eight different types of composite films.](polymers-11-01451-g001){#polymers-11-01451-f001}

![SEM images of the far-infrared radiation (FIR) ceramic powders at different magnifications.](polymers-11-01451-g002){#polymers-11-01451-f002}

![SEM images of the composite films **1**, **5**, **6**, and **8** at different magnifications.](polymers-11-01451-g003){#polymers-11-01451-f003}

![Water contact angle of eight composite films.](polymers-11-01451-g004){#polymers-11-01451-f004}

polymers-11-01451-t001_Table 1

###### 

Mechanical properties of the composite films along the *x*-axis and *y*-axis.

                 Elongation at Break (mm)   Young's Modulus (MPa)   Tensile Stress (MPa)   Strength at Break (N/Tex)   Energy at Break (J)
  -------------- -------------------------- ----------------------- ---------------------- --------------------------- ---------------------
  ***x*-Axis**                                                                                                         
  1              331.93^abc^ ± 14.99        32.74^bcd^ ± 5.04       3.74^a^ ± 0.43         56.20^a^ ± 6.51             11.31^c^ ± 1.49
  2              301.12^bc^ ± 14.58         33.01^bcd^ ± 2.22       3.41^ab^ ± 0.65        51.23^ab^ ± 6.84            10.07^c^ ± 1.25
  3              264.53^cd^ ± 11.94         36.40^b^ ± 5.93         2.94^ab^ ± 0.46        44.18^bc^ ± 6.91            8.18^c^ ± 1.58
  4              201.08^d^ ± 8.26           42.22^a^ ± 3.73         2.44^bc^ ± 0.94        36.74^c^ ± 4.20             6.74^c^ ± 0.77
  5              338.46^abc^ ± 12.29        2.52^gh^ ± 0.64         1.34^de^ ± 0.27        20.10^d^ ± 4.07             3.25^c^ ± 0.94
  6              325.44^bc^ ± 12.61         2.44^gh^ ± 0.98         1.27^de^ ± 0.21        19.17^de^ ± 4.79            2.92^c^ ± 1.02
  7              305.33^bc^ ± 10.43         1.60^h^ ± 0.61          1.07^de^ ± 0.22        16.08^defg^ ± 3.34          2.22^c^ ±0. 63
  8              298.44^bc^ ± 10.99         2.09^gh^ ± 0.78         1.13^de^ ± 0.31        17.09^def^ ± 4.72           2.42^c^ ±0. 80
  ***y*-Axis**                                                                                                         
  1              311.12^bc^ ± 15.14         30.71^cde^ ± 1.41       3.18^ab^ ± 0.61        9.85^defg^ ± 1.99           47.71^a^ ± 3.17
  2              215.44^d^ ± 15.48          26.49^e^ ± 2.45         1.82^cd^ ± 0.25        5.56^g^ ± 0.82              27.34^b^ ± 1.32
  3              320.34^bc^ ± 12.62         29.04^de^ ± 2.34        3.15^ab^ ± 0.35        9.60^defg^ ± 0.96           47.34^a^ ± 4.17
  4              323.88^bc^ ± 13.22         35.57^bc^ ± 2.54        3.78^a^ ± 0.84         11.93^defg^ ± 1.99          56.77^a^ ± 4.65
  5              405.83^a^ ± 10.84          9.61^f^ ± 1.61          0.89^de^ ± 0.12        10.62^defg^ ± 0.98          2.21^c^ ± 0.26
  6              302.26^bc^ ± 10.76         6.69^fg^ ± 0.92         0.42^e^ ± 0.08         6.25^fg^ ±0.33              1.50^c^ ± 0.14
  7              331.87^abc^ ± 11.21        7.65^f^ ± 0.61          0.67^e^ ± 0.06         8.65^efg^ ±0.61             1.98^c^ ± 0.12
  8              373.53^ab^ ± 11.89         8.38^f^ ± 0.91          0.72^e^ ± 0.07         9.25^defg^ ± 0.82           2.38^c^ ± 0.22

Superscript letters refer to a significant difference among different processed films.

polymers-11-01451-t002_Table 2

###### 

Differential scanning calorimetry (DSC) and thermogravimetric (TG) analysis of eight different specimens.

  Composite Films   DSC      TG                                      
  ----------------- -------- ------- ------- ------- ------- ------- ------
  1                 111.43   25.68   465.5   488.8   493.1   98.77   0.9
  2                 102.96   20.32   461.0   482.7   492.8   98.59   0.91
  3                 102.85   19.73   462.5   479.3   490.2   98.68   1.11
  4                 102.45   16.79   462.1   482.3   492.1   97.91   1.37
  5                 112.31   26.09   461.9   474.7   492.0   99.13   0.37
  6                 101.99   22.85   461.5   476.0   492.4   98.8    0.79
  7                 101.57   21.01   464.3   481.6   491.6   98.4    1.34
  8                 101.56   19.13   464.0   480.8   491.9   97.98   1.24

polymers-11-01451-t003_Table 3

###### 

Far-infrared emissivity, light transmittance, and moisture permeability of the composite films.

  Composite Films   Far-Infrared Emissivity (ε)   Light Transmittance (%)   Moisture Permeability (g/m^2^·day)
  ----------------- ----------------------------- ------------------------- ------------------------------------
  1                 0.512                         14.7                      0.27
  2                 0.861                         13.1                      0.32
  3                 0.892                         12.4                      0.4
  4                 0.921                         10.9                      0.45
  5                 0.508                         71.3                      1.73
  6                 0.866                         67.9                      2.17
  7                 0.89                          67.6                      3.27
  8                 0.924                         57.6                      3.38

[^1]: These authors contributed equally to this work and should be considered co-first authors.
